Maintenance energy expenditures were mesured for five rumen bacteria, Selenomonas ruminantium, Butyrivibrio fibrisolvens, Bacteroides ruminicola, Megasphaera elsdenii, and Streptococcus bovis, by using a complex medium with glucose as the carbon source. Large differences (as high as 8.5-fold) in maintenance energy expenditures were seen among these bacteria. The suggestion is made that maintenance requirements could be a significant determinant of bacterial competition in the rumen. Theoretical maximum growth yields, calculated from double reciprocal plots of yield versus dilution rate, were compared to theoretical YATPM' values in order to estimate minimum molar adenosine 5'-triphosphate yields from glucose for each bacterium. Results showed that relative yield among the bacteria was growth rate dependent. At high dilution rates, both S. ruminantium and S. bovis produced lactate as their principal fermentation product. At lower dilution rates very little lactate was formed and growth yields increased. Acetate and ethanol were the predominant fermentation products of S. bovis at low dilution rates. Other workers have shown that S. ruminantium produces acetate and propionate at low growth rates.
With the advent of continuous culture techniques in the late 1940's (16, 19) , it became apparent that cell yield could vary with growth rate, and the idea was introduced that energy could be used for growth-related functions and for functions not necessarily related to growth (7). Since this time, the term "maintenance energy" has commonly been used to describe the use of energy for non-growth related functions. Theoretical equations describing maintenance energy were introduced by Marr et al. (15) . However, these equations were not easily adapted to experimental estimation of maintenance energy. The theoretical equations introduced somewhat later by Pirt (20) , however, have proven to be easily adaptable to the growth of bacteria in continuous culture. The Pirt double reciprocal plot of yield versus dilution rate is commonly used to quantitate maintenance energy expenditures.
Bauchop and Elsden (1), in 1960, postulated that production of microbial mass was related to the amount of adenosine 5'-triphosphate (ATP) formed during catabolism. Because grams dry weight of cells produced per mole of ATP appeared to be relatively constant for several species, the term YATP was introduced. The com-monly used value for YATP was 10.5 g, dry weight, of cells/mol of ATP. Subsequent work has shown that YATP is not a constant (6, [25] [26] [27] [28] [29] [30] and varies with growth rate, the composition of the medium, and the presence of inhibitory compounds.
Because natural environments usually contain very low concentrations of one or more substrates necessary for microbial cell synthesis, microbial growth rates rarely reach maximum potential in nature (17) . At low growth rates, maintenance energy expenditures can make up a significant portion of total energy utilization (20 Additionally, because ruminants are dependent on the supply of microbial protein as an amino acid source, yield of bacteria produced from the diet is of great importance to ruminant animal production. In nonrumen bacteria, bacterial growth yields are known to vary widely among different species (26) , and it was felt that comparison of rumen bacteria growth yields would provide information useful to the selection of optimal ruminant diets.
MATERIALS AND METHODS
Media. The media used were essentially the same as the media described in the previous paper (22) except only glucose was used as the energy source. The medium used in Fig. 7 formaldehyde treatment used in this procedure was found to quickly inhibit bacterial growth. Another portion was removed and checked for optical density in a Gilford model 240 spectrophotometer at 600 nm. Bacterial dry weight was found to agree well with optical density recordings. pH was monitored and always remained between 6.60 and 6.85. Glucose was assayed by a method previously described (9). L-and D-lactic acid were measured by the method of Hohorst (10). Rabbit muscle L-lactate dehydrogenase (EC 1.1.1.27) and Lactobacillus leichmannii D-lactate dehydrogenase (EC 1.1.1.28) were used (Sigma Chemical Co., St. Louis, Mo.). Acetate and ethanol were determined by gas chromatography by using an Aerograph Hy Fi 600D chromatograph. A 15% FFAP, 70-80-mesh, 6-foot column was used for acetate, while a 5% FFAP, 8-100-mesh, 5-foot (1.524-m), Porapak column (Varion Aerograph, Walnut Creek, Calif) was used for ethanol. Ammonia was determined by using the method of Markham (14), except that magnesium oxide was used instead of NaOH. Slopes and intercepts of plots presented were estimated by using linear regression (24) .
RESULTS
Approach. The same medium was used for the growth of all five rumen bacteria, so that APPL. ENVIRON. MICROBIOL.
comparisons independent of medium differences could be made. Because several of the bacteria are quite fastitious in their nutritional requirements (4), a rather rich medium was chosen. Minimal media would have made substrateproduct analysis less difficult, but it was felt that the use of minimal media could have biased comparative interpretation by causing specific nutritional deficiencies not normally seen in the rumen. The medium employed gave high maximum growth rates (>0.48 h-1) for all five bacteria.
B. ruminicola. A double reciprocal plot of yield versus dilution rate (growth rate) is shown in Fig. 1 for the growth of B. ruminicola on glucose. The slope of this plot represents the maintenance coefficient of the culture and was found by linear regression to be 0.135 g of glucose per g of bacteria per h. The theoretical growth yield, yield corrected for maintenance energy, was calculated from the intercept of the ordinate and was found to be 50% (90 g of cells per mol of glucose). Since linearity of this plot was very good (correlation coefficient = 0.99), it seems likely that the ATP yield from glucose remained constant over these dilution rates. A shift in fermentation products affecting ATP yield from glucose would be expected to produce a nonlinear plot.
B. fibrisolvens. The maintenance coefficient for B. fibrisolvens was found to be 0.049 g of glucose per g of bacteria per h (Fig. 2) , while the theoretical maximum growth yield was calculated from the intercept to be 40% (72 g of cells per mol of glucose). The Fig. 4 Fig. 5 showed linearity (correlation coefficient = 0.96).
S. bovis. A non-linear double reciprocal plot also occurred when the S. bovis data were plotted (Fig. 6) . Lactate levels were measured, and their ratios to glucose are presented in Table 3 . At high dilution rates nearly all of the glucose was converted to lactate, but at low dilution rates only small amounts of lactate were produced. To ascertain the residual fermentation products, a second incubation was performed by using a medium without volatile fatty acids or Trypticase and much reduced levels of yeast extract (0.1 g/liter). This restricted medium made the measurement of volatile fatty acids and the calculation of a carbon balance feasible. The carbon balance for this incubation is presented in Table 4 . As dilution rate and lactate concentration decreased, ethanol and acetate became significant fermentation products. In spite of the possibility that some ethanol may have been bubbled from the medium, overall carbon recovery based on glucose utilization and yeast extract added to the medium was always greater than 84%. Higher chain volatile fatty acids were APPL. ENVIRON. MICROBIOL. not detected. The double reciprocal plot of this secondary incubation is presented in Fig. 7 .
Calculation of a maintenance coefficient for S. bovis is complicated by the fermentation shift described above. In Table 3 , lactate levels were quite low at the four lowest dilution rates, and the double reciprocal plot through these points (Fig. 6) (20, 25, 27, 28) . How maintenance coefficients derived for B vens and S. ruminantium were sub. lower than the maintenance coefficie mined for the anaerobic growth of A aerogenes in complex medium (28 Comparison of the data presented in Table 5 to be ac-indicates that S. ruminantium and B. fibrosol- the relative lack of success of these microbes on diets containing low levels of soluble substrates. Both S. bovis and M. elsdenii are prominent ted in Ta-only when ruminants are fed high grain diets ldated for (11). B. fibrisolvens has been known to make up ,ever, the a significant number of total colony counts in ' . fibrisol-animals fed very poor forage diets (13). A low stantially maintenance requirement would be consistent !nt deter-with success under these conditions. The very erobacter low maintenance energy coefficient seen with S.
'hese low ruminantium and the relatively high one oban ener-served for B. ruminicola cannot alone be used Des to the to explain some whole animal observations. S. 
